The effect of carbon monoxide (CO) co-adsorption on the dissociation of water on the Ni(111) surface has been studied using density functional theory. The structures of the adsorbed water molecule and of the transition state are changed by the presence of the CO molecule. The water O-H bond that is closest to the CO is lengthened compared to the structure in the absence of the CO, and the breaking O-H bond in the transition state structure has a larger imaginary frequency in the presence of CO. In addition, the distances between the Ni surface and H 2 O reactant and OH and H products decrease in the presence of the CO. The changes in structures and vibrational frequencies lead to a reaction energy that is 0.17 eV less exothermic in the presence of the CO, and an activation barrier that is 0.12 eV larger in the presence of the CO. At 463 K the water dissociation rate constant is an order of magnitude smaller in the presence of the CO. This reveals that far fewer water molecules will dissociate in the presence of CO under reaction conditions that are typical for the water-gas-shift reaction.
Introduction
The water gas shift (WGS) reaction, CO + H 2 O → CO 2 + H 2 , is important in many industrial processes, including methanol synthesis and production of hydrogen for use in, e.g., fuel cells. It is also one of the most important reactions in gasification, where carbonaceous materials are converted to a gaseous product that can be used to produce energy or other desirable chemicals [1] [2] [3] [4] [5] . The efficiency of the WGS reaction is enhanced in the presence of transition metal catalysts such as nickel, which is widely used due to its high heat conductivity, high catalytic conversion and its capability to be manufactured in different shapes [6] [7] [8] [9] .
Due to its industrial significance, several experimental and computational investigations have focused on the WGS reaction. Bond et al. proposed a modified route for the gold-catalyzed WGS reaction mechanism by thermal decomposition of a carboxyl species [10] . Steady-state WGS kinetics were determined on ceria-supported Pd, Pt and Rh catalysts by Gorte et al.; they found that the ceria structure significantly affects the results [11] . Shekhar et al. have investigated the promotional effect of alkali additives (Na, Li and K) on the WGS reaction for Pt/Al 2 O 3 and Pt/TiO2 catalysts. They showed that the active platinum remains in the metallic state and that the promotion by alkali is due the modification of the support properties [12] . A density functional theory (DFT) study together with experimental data for the WGS reaction catalyzed by Pt were provided by Gokhale et al. They predicted that that the most significant reaction channel proceeds via a carboxyl intermediate while formate acts only as a spectator species [13] . Furthermore, Cordeiro et al. studied the role of the step sites in the WGS reaction catalyzed by Cu and found that the associative route through the carboxyl intermediate assisted by co-adsorbed OH is favored in the presence of steps [14] .
The four mechanisms that have been suggested for the WGS reaction are the redox, formate, associative and carbonate mechanisms [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Previous first principles calculations showed that the most probable reaction mechanisms are the carboxyl and redox mechanisms, and that the rate-limiting step is water dissociation [14, 15, [28] [29] [30] [31] [32] [33] .
The catalytic dissociation of water is also important in many other industrial processes, such as steam methane reforming (SMR; CH 4 + H 2 O → CO + 3H 2 ) where nickel is frequently used as catalyst. The SMR reaction involves the conversion of a hydrocarbon fuel (or an alcohol) into another fuel containing higher heating value. The SMR reaction is widely implemented for production of hydrogen or other useful products [34] [35] [36] . The water dissociation is believed to be one of the rate controlling elementary reaction steps in the SMR reaction [37] .
The catalytic dissociation of water has been widely studied using both experimental and computational techniques. For example, hydroxyl radical production following Ni-catalyzed water dissociation has been investigated experimentally by Keiser et al. [38] . The hydroxyl radicals were monitored using laser-induced fluorescence and the barrier for their desorption was estimated at different temperatures and pressures. Fají n et al. studied water dissociation on metal surfaces using DFT. They predicted that the nickel surface could be effective for catalyzing water dissociation, that the activation barrier is 0.71 eV and the reaction energy is −0.37 eV [33] . The binding energies, preferred adsorption sites and configurations for water and its dissociation products (OH and H) were determined over a number of surfaces, including Ni(111), by Phatak et al. They found that dissociation of H 2 O to OH and H is exothermic on Ni(111) and the activation and reaction energies are 0.96 eV and −0.2 eV, respectively [39] . Several studies have also focused on fundamental aspects of water dissociation on metal surfaces, such as the vibrational modes of the molecular and dissociated water [40] [41] [42] [43] [44] .
In addition to the WGS reaction discussed above, interaction of CO with transition metal surfaces is of importance in many catalytic reactions, such as the oxidation of carbon monoxide, CO methanation and Fischer-Tropsch synthesis [45] . These interactions, including the interactions between adsorbed CO and H 2 O, have been investigated over Ni(111) [46] [47] [48] . For example, high resolution electron energy loss spectroscopy (HREELS) measurements by Ellis et al. revealed strong interaction between H 2 O and CO adsorbed on Ni(100), where the co-adsorbed CO changes the water OH stretching properties [49] . DFT calculations by Lin et al. yielded a reaction energy of −0.11 eV and an activation barrier of 0.79 eV for water dissociation in the presence of CO [50] . This reaction energy is less exothermic than those obtained in the absence of CO (−0.37 and −0.2 eV, see above) and the activation barrier lies between the values obtained in the absence of CO (0.71 and 0.96 eV). These, and other co-adsorption studies of reactive chemical species on transition-metal catalysts, [51] [52] [53] [54] are essential for a more complete understanding of heterogeneous catalysis.
The present contribution extends these previous investigations by using DFT to perform a comparative study of the dissociation of water on a Ni(111) surface in the absence and presence of co-adsorbed CO. This is the first time that these systems have been studied using the same models and computational methods, and is important since, if the co-adsorbed CO affects the reactant, transition state or product relative energies or vibrational frequencies, then the water dissociation rate will depend on the presence of CO. For example, the rates may be different for the reaction in a CO-rich WGS and when water dissociates in other processes when CO is not present. In addition, molecular-level understanding of the water dissociation mechanism which, as discussed above, is a key elementary step in a number of important reactions such as WGS and SMR, will assist in designing more effective catalysts.
Results and Discussion

Adsorption Sites and Energies
The top (t), hollow hcp (h) and hollow fcc (f) sites on the Ni(111) surface are shown in Figure 1 . Geometry optimization of the reactants and products was performed on the sites that have previously been shown [50] to yield the lowest energy structures (i.e., the most favorable sites). The lowest energy structures in the absence and presence of CO are shown in Figures 2 and 3 , respectively, and details of these structures are shown in Table 1 . The * in these figures and table indicates that the specie is adsorbed on the surface.
In the absence of CO, the preferred adsorption site for water is the top site (t) via the O atom. The adsorption energy is −0.27 eV (−0.36 eV without zero point vibrational energy [ZPVE] correction). Both of the OH and H products favor the hollow fcc site (f) and, similarly to the water molecule, the OH is adsorbed via the O atom. The adsorption energy of these products is −5.83 eV (−6.23 eV without ZPVE correction). The presence of the CO does not affect the preferred adsorption sites. The favored adsorption site for water is the top site (t) via the O atom and for carbon monoxide it is the hollow fcc site (f) via the C atom. The adsorption energy is −2.32eV (−2.38 eV without ZPVE correction). All of the products prefer the hollow fcc site (f), where the OH is adsorbed via the O atom and CO via the C atom. The adsorption energy is −7.63 eV (−7.99 eV without ZPVE correction).
The calculations performed for the higher surface coverages yielded similar results to those presented above. For example, for 1/4 monolayer (only water) and 1/2 monolayer (co-adsorbed water and CO) coverages, the reactant adsorption energies are −0.20 eV (−0.26 eV without ZPVE correction) and −2.43 eV (−2.35 eV without ZPVE correction), respectively.
Although the presence of the CO does not affect the preferred adsorption site, it does affect the reactant geometry. In the absence of the CO the lengths of the O-H bonds in the water molecule are almost the same (0.98 Å) while, in the presence of CO, the O-H bond closest to the CO molecule is 0.015 Å longer than the other bond. This larger bond length is probably due to interactions between this H atom and the CO molecule (the distance between this H and the O on the CO is just 1.88 Å), although the charge density on this H atom is the same as the charge density on the other H atom. This is also reflected in the vibrational frequencies where the asymmetric stretching mode is lowered by 200 cm −1 (from 3612 to 3412 cm −1 in the absence and presence of CO, respectively). The presence of the CO does not have a significant effect on the OH product geometry or vibrational frequency. The co-adsorbed CO also affects the distance between the reactant and products with the Ni surface (defined as the shortest distance between any atom of the adsorbate and any metal atom on the surface). The distance between the H 2 O and the surface decreases from 2.157 Å to 2.114 Å when the CO is present, for OH the decrease is from 1.950 Å to 1.923 Å, and for H the decrease is from 1.655 Å to 1.646 Å. The reason that the presence of the CO molecule decreases the height of the reactant and products above the surface is probably due to electron transfer from the CO to the Ni surface. In the presence of the CO the total charge density on the uppermost Ni atoms is 0.63 e more than in the absence of the CO. This increases the interaction strengths (and hence decreases the bond lengths) between the surface and the adsorbants, which is also seen by an increase in the charge density on the H 2 O, OH and H adsorbants by 0.01, 0.04 and 0.03 e, respectively. Table 2 shows the data of the transition states together with reaction rate constants at 463 K, which is typical for low-temperature processes that include the WGS reaction [55] . The activation energy (E a ) without co-adsorbed CO is 0.75 eV (0.96 eV without ZPVE correction) and in the presence of CO it increases to 0.87 eV (1.09 eV without ZPVE correction), respectively. The activation energy in the absence of CO is in agreement with that obtained by Fají n et al. (0.71 eV) . Similarly, the value determined in the presence of CO is similar to the value of 0.79 eV reported by Lin et al. The same trend is found for higher coverages. For the 1/4 and 1/2 monolayer surfaces the activation barrier in the absence of CO is 0.69 eV (0.87 eV without ZPVE correction) and in the presence of CO it is 1.18 eV (1.39 eV without ZPVE correction). Hence, the presence of CO increases the activation energy at both surface coverages. The length of the breaking O-H bond is not significantly influenced by CO co-adsorption, and its (imaginary) vibrational frequency is increased by only 20 cm −1 . This means that the reaction barrier is slightly narrower in the presence of the CO. However, this effect is not as significant as it is for the water reactant, where the presence of the CO decreased the asymmetric vibrational mode frequency by 200 cm −1 .
Transition States and Reaction Energies
Unlike the length and frequency of the breaking bond, the reaction rate constant changes considerably when CO is present, decreasing from 2.03 × 10 4 s −1 to 1.76 × 10 3 s −1 . The rate constant in the absence of CO is smaller than the value of 7.1 × 10 4 s −1 obtained by Fají n et al. [33] . This may be due to the convergence criteria, since repeating the above calculation, but with coarser convergence criteria of 10 −5 eV for the total energy and 10 −2 eV/Å for the forces acting on ions, yields the same result as that reported by Fají n et al. The reaction energy (E react ), which is the difference between the product and reactant energies, is significantly affected by the presence of co-adsorbed CO. In the absence of CO E react = −0.41 eV (−0.30 eV without ZPVE correction) which is 0.24 eV more exothermic than the reaction energy in the presence of CO, which is −0.17 eV (−0.05 eV without ZPVE correction). The reaction energy calculated in the absence of CO is similar to that obtained by Fají n et al. (−0.31 eV) . Similarly, the calculated reaction energy in the presence of co-adsorbed CO is similar to the value of −0.11 eV obtained by Line et al. [33, 50] .
A comparison of the reaction profiles with and without adsorbed carbon monoxide is shown in Figure 4 . As discussed above, the co-adsorbed CO increases the activation barrier by 0.12 eV and decreases the exothermicity by 0.24 eV. A possible reason for the larger activation energy is that the CO (and Ni surface) induces a larger change in the structure of the water molecule when going from reactant to transition state. To investigate these we performed single point energy calculations on the water molecule (in vacuum) in its reactant and transition state structures. It was seen that this does not explain the trends seen in Figure 4 , since the energy of the water molecule in the transition state structure is lower than the energy in the reactant structure, and hence it is changes in the CO, Ni surface or interactions between the water-CO-Ni that lead to the increase in energy at the transition state. Similarly, calculations comparing the energies of the reactant water and product H and OH structures showed that this cannot explain the decrease in exothermicity in the presence of the CO. In fact, when comparing the H 2 O and (H + OH) energies the reaction is endothermic when using the structures from the both systems (in the absence and presence of the CO). These calculations were repeated but where the CO molecule was included (together with the water molecule). This was done to ascertain whether it is changes in the CO molecule and/or interactions between the H 2 O and CO that leads to an increase in the transition state energy compared to the energy of the reactant. Once again, the H 2 O-CO energy (in the vacuum) of the transition state structure was lower than the energy of the reactant structure, and the reaction is more exothermic than that when using the structures from the system that does not contain CO (thus opposite to what is observed in Figure 4) .
Hence, it is the interplay between all three components-the H 2 O, CO and Ni surface-that leads to the reaction profiles seen in Figure 4 . As discussed above, the presence of the CO on the surface leads to stronger interactions between the Ni surface and the H 2 O reactant and H and OH products. The larger activation energy and decreased exothermicity indicates that the stability induced by the surface in the presence of CO is larger for the reactant than for the transition state and product structures. Figure 5 shows the effect of temperature on the reaction rate constant. The data is also shown in its Arrhenius form in the inset to the figure. The difference in reaction rate constants in the absence and presence of CO increases with increasing temperature, showing that it becomes even more important to consider the effect of CO co-adsorption at higher temperatures. Figure 5 . Temperature dependence of the reaction rate constant for the water dissociation reaction with and without co-adsorbed carbon monoxide. The Arrhenius format of the data is shown in the inset.
Methods and Models
The calculations were performed with the Vienna ab initio simulation package (VASP) [56] [57] [58] [59] using spin polarized DFT. The Perdew-Burke-Ernzerhof generalized gradient approach (GGA-PBE) [60] to the exchange-correlation potential was implemented and the projector-augmented wave method (PAW) [61, 62] was applied to the basis set to account for the effect of the core electrons in the valence electron density. A 600-eV cutoff for the plane waves expansion was applied and a 4 × 4 × 1 Monkhorst-Pack grid of k-points [63] was used for the numerical integration in reciprocal space. As shown previously [50] smaller Brillouin zone (BZ) sampling intervals (5 × 5 × 1 and 6 × 6 × 1) and higher cutoff energies (700 and 800 eV) show insignificant differences in the energies of the optimized structures (less than 0.01 eV). Hence, the cutoff and Monkhorst-Pack grid used here yield converged results.
The surface orientation, as well as steps and defects on the surface, could affect its catalytic properties and reactions energies [14, 64] . The face-centered cubic (fcc) nickel, Ni(111), is the most stable Ni surface and is therefore commonly used in computational studies of heterogeneous catalytic reactions [65] [66] [67] [68] [69] . This surface was also used in the present work, where periodic boundary conditions were imposed in two directions to model a semi-infinite crystal surface. Tests showed that a Ni(111) surface containing 4 × 4 unit cells in each layer, and with five layers that are separated by an equivalent volume of vacuum in the surface perpendicular direction, yield converged results in a computationally tractable time. The two bottom layers of the slab were fixed to maintain the bulk crystal structure, and the three upper layers were free to relax. This periodic box size, which yields a 1/16 monolayer coverage for the water in the absence of CO and a 1/8 monolayer for the co-adsorbed CO and water, prevents interactions between the surface atoms and adsorbates with their periodic images. Higher surface coverages, including 1/4 and 1/2 monolayer, were also investigated to elucidate if the trends reported here are sensitive to the surface coverage. The conjugate-gradient (CG) method was used to obtain the geometry optimized structures of the adsorbates on the surface. The convergence criteria were 10 −6 eV for the total energy and 10 −3 eV/Å for the forces acting on the ions. Transition states were identified using an improved version of the nudged elastic band (NEB) method, called climbing-image NEB (CI-NEB) [70, 71] . In this method, the lowest energy reactant and product configurations are selected as the initial and final states, and 6 images were placed along the minimum energy path (MEP). A −0.5 eVÅ −2 spring force constant between images was used. Due to computational constraints, a smaller set of k-points (2 × 2 × 1) and a lower energy cutoff (400 eV) was used to relax all the images until the maximum force acting on an atom was less than 0.01 eV. Single point energy calculations at the transition state using 4 × 4 × 1 k-mesh and 600 eV cut off showed that the activation energy differs from that obtained with the less accurate settings by at most 0.02 eV. Vibrational frequencies were calculated at all stationary points to ensure that they were minimum energy (zero imaginary frequencies) or transition states (one imaginary frequency) geometries, as well as to determine the zero point vibrational energies (ZPVEs) and partition functions. The frequencies were determined by diagonalizing a finite difference construction of the Hessian matrix using displacements of 0.01 Å (only the adsorbates were allowed to move).
The adsorption energies (E ads ) of the reactants and products were calculated from Equation (1).
E ads = E surf + adsorbate -E surf -E adsorbate (1) where E surf is the total energy of the Ni(111) surface, E adsorbate is the total energy of the isolated, geometry optimized adsorbate(s) in the gas phase and E surf + adsorbate is the total energy of the surface-adsorbate(s) system. Results of E ads where ZPVE corrections are excluded ( ) and included ( ) are given below for the sake of completeness and to show the importance of this correction.
The water dissociation rate constant (k) was estimated using transition state theory [72] , i.e., Equation (2) . (2) where k B is Boltzmann's constant, T is the absolute temperature, h is Planck's constant and E a is the activation energy from the ZPVE corrected energies. q and q # are the partition functions for the reactant and the transition state respectively. Similarly to previous studies [14, 33, 73] , the partition functions have been calculated assuming harmonic vibrations. Although this approximation may well affect the quantitative results presented here, it is not expected to affect the trends. The effect of the CO on the reactant, transition state and product geometries was analyzed using the atomic charge densities. These calculations were performed using 2 × 2 unit cells in each layer, since these cells yield the same geometric and energetic trends as the larger unit cells. The charge density on each ion in the relaxed structure is calculated by integrating the valence charge density within the Wigner-Seitz spheres around each atom. This radius is selected such that the total volume over all atoms is approximately 100% and that the ratios of the atomic radii is equal to that of the ionic radii [74] . The present calculations use a 8 × 8 × 1 k-point meshes and Wigner-Seitz radii equal to 1.4 Å for Ni, 1.29 Å for carbon, 1.11 Å for oxygen and 0.7 Å for hydrogen. Altering these radii by up to 10% does not change the trends reported here.
Conclusions
The effect of CO co-adsorption on water dissociation over the Ni(111) nickel surface has been studied using DFT calculations. The results show that the co-adsorption of CO alters the geometry of the adsorbed reactant water molecule. The O-H bond that is closest to the CO is lengthened and weakened. In addition, the distance between the reactants and products with the surface decreases in the presence of the co-adsorbed CO. These changes result in a dissociation energy that is 0.24 eV less exothermic in the presence of the CO.
The results also show that the activation energy for water dissociation increases by 0.12 eV in the presence of the co-adsorbed CO. In addition, the breaking O-H bond at the transition state has a slightly larger imaginary vibrational frequency in the presence of the co-adsorbed CO. These changes (including changes in the reactant geometries and vibrational frequencies) lead to a considerable decrease in the rate constant when CO is present. At typical low-temperature process conditions of 463 K, the rate constant in the presence of CO is approximately twelve times smaller than in the absence of CO, and this difference increases with increasing temperature. Hence, it is important to account for co-adsorbed CO when Ni-catalyzed water dissociation occurs in a CO-rich environment.
